ABSTRACT Resonance Raman spectra have been determined for the capped tetraphenylporphyrinatoiron complexes and their base adducts. The five-coordinate mono-base complexes of these porphyrin complexes dislay Raman spectra that are nearly identical to those previous y determined for fivecoordinate iron(II) tetraphenylporphyrin complexes in the marker regions around 1540, 1345, and 370 cm-1. A similar correspondence is found between Raman bands of iron(II) complexes of the capped complexes and those of tetraphenylporphyrin. By contrast, the unusual pseudo-six-coordinate iron(II) complexes more closely resemble high-spin five-coordinate systems in the 1540 and 1345 cm-regions, but in the 380 cm-1 region the resemblance is closer to the low-spin six-coordinate tetraphenylporphyrin complexes. These results provide spectroscopic confirmation for the unique nature of these nseudo-six-coordinate complexes
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The capped tetraphenylporphyrins ( Fig. 1 ) provide an interesting testing ground for the molecular features that control reversible binding of dioxygen (1) (2) (3) (4) . Recently it was shown that the cap size has a profound influence on the binding of bases and dioxygen (3, 4) . When the cap is compact, x = 2 in Fig. 1 , the iron(II) complex of the 5,10,15,20-[pyrromellitoyl(tetrakis-o-oxyethoxyphenyl)]porphyrinate ion is designated as Fe(Cap). A less sterically hindered iron(II) complex, 5,10,15, 20-[pyrromellitoyl(tetrakis -o -oxypropoxyphenyl)] -porphyrinatoiron(II), designated Fe(HmCap), is formed with the homologous cap porphyrin, for which x = 3 in Fig. 1 . Detailed equilibrium measurements reveal that the more hindered Fe(Cap) adds only one ligand, such as 1-methylimidazole (1-MeIm) or pyridine (py), to form five-coordinate complexes. The less sterically hindered Fe(HmCap) is capable of forming pseudo-six-coordinate complexes with these same bases. These pseudo-six-coordinate complexes, such as Fe(HmCap)(1-MeIm)2, are of intermediate electronic spin (S = 1) and add oxygen without ligand displacement to give pseudo-sevencoordinate complexes-e.g., Fe(HmCap)(1-MeIm)2(02). Smaller bases, such as n-propylamine (n-PrNH2) and secbutylamine, add normally to Fe(HmCap) and give the expected diamagnetic bis-base complexes Fe(HmCap)(base)2. Bulky bases, such as t-butylamine and 1,2-dimethylimidazole, form only five-coordinate complexes with both iron(II) capped systems.
In the present Raman spectroscopic investigations of these unusual systems our objectives were to extend the correlation of structure-sensitive bands to the capped tetraphenylporphinatoiron(II) complexes and then to investigate the behavior of the structure-sensitive vibrations for the unique complexes of Fe(HmCap) with hindered bases. In addition we were interested in the possibility of obtaining Raman spectroscopic evidence for porphyrin strain or other factors that might explain
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisenent" in accordance with 18 U. S. C. §1734 solely to indicate this fact. Resonance Raman spectroscopy has been used since the early 1970s to characterize heme proteins and their metalloporphyrin analogues (5). Certain "structure-sensitive" or "marker" bands of these naturally occurring porphyrin systems have been shown to shift frequency in a manner that reflects the coordination number and oxidation state of the metal center (5) . For the more easily synthesized model oxygen carriers based on tetraphenylporphyrins, the resonance Raman spectra, and thus the structure-sensitive bands, differ from those of the naturally occurring materials (6, 7) . These marker bands have been investigated for only two series of tetraphenylporphyrin complexes.
EXPERIMENTAL
Benzene was distilled under N2 from sodium benzophenone ketyl immediately prior to use. Pyridine was distilled under nitrogen from BaO immediately before use. All other bases were distilled under nitrogen from KOH and stored under a nitrogen atmosphere over molecular sieves. Because the solutions were oxygen-free, all transfers were done with gas-tight syringes, with cannulas, or in a nitrogen atmosphere. and Fe(Cap) were prepared according to the methods of Baldwin and coworkers (1, 2 Table 1 . The three spectra in the top row, which are labeled a, correspond to Fe(HmCap)(n-PrNH2)2, and so on for b, Fe(HmCap)(py)2; c, Fe(HmCap)(1-MeIm)2; and d, Fe(Cap)(1-MeIm). coordinate complex (3). The Raman spectra in the structuresensitive regions (Fig. 2) confirm that the bis-base complexes, in which the base is either 1-MeIm or py, are unique. The peaks in region A (Table 1) are at 1538 and 1542 cm-1 for Fe(HmCap)(1-MeIm)2 and Fe(HmCap)(py)2, respectively. These values indicate that the complexes are five-coordinate when compared to the other systems. In region B the frequencies also are in the range expected for five-coordinate complexes, but in region C they are indicative of six-coordinate complexes. These observations indicate that the marker bands in A and B are sensitive to different porphyrin conformational changes than are those in region C.
In addition to the peak positions quoted above, there are prominent shoulders on the marker bands in the B and C regions of these complexes. In region B the shoulder corresponds to the frequency expected for a six-coordinate complex, whereas in region C it corresponds to the five-coordinate frequency. As shown in Fig. 2 , there is some indication of a shoulder at t1560 cm-' for the py and 1-MeIm complexes of Fe(HmCap), but, if present, its intensity is considerably smaller than that of the other shoulders. The development of shoulders might be due to an equilibration of five-and six-coordinate complexes, but because there is no comparable shoulder in region A this possibility seems unlikely. Furthermore, the shoulders still appear when the concentration of 1-MeIm is increased, although their intensities do decrease slightly.
The unique Raman features of these pseudo-six-coordinate complexes are in harmony with speculations that the second base ligand is bound to the iron center in a nonaxial manner to a dyz or dxz orbital of the metal (8, 9) . The larger cap structure of Fe(HmCap) than that of Fe(Cap) (Fig. 1) presumably allows the nitrogen of 1-MeIm or py to bind weakly to the iron, but the HmCap is not sufficiently large to let the base molecule completely inside the porphyrin cap. The bonding of this second base is so weak that the 02 affinity of the pure five-coordinate species is only slightly larger than that of the corresponding pseudo-six-coordinate species (3) . By contrast, the Raman data indicate that the smaller n-PrNH2 molecule can slip inside the porphyrin cap to form a conventional six-coordinate iron center.
Tentative assignments are available for the structure-sensitive bands in the iron tetraphenylporphyrin complexes (6, 7) , and these provide some support for the hypothesis of nonaxial binding for the second molecule of py or 1-MeIm. Because of the impedance of the cap structure, the base will have to bind to the iron center by an approach that forces it to be situated directly above a pyrrole ring of the porphyrin. In addition, the angle between the porphyrin plane and the bond connecting the iron with the nitrogen of the nonaxial base is expected to be approximately 45°. The frequencies in region A have been assigned tentatively to the C#-Cf stretch (7) . This region of the porphyrin is fairly remote from the axial bases, and in both the natural and tetraphenylporphyrin systems it appears that the influence of the ligand is transmitted indirectly via factors that influence the core size of the porphyrin (11) (12) (13) (14) . The size of the pyrrole nitrogen core might, for example, be expanded by a change of spin state for the central metal, or alternatively by nonbonded interactions between the pyrrole nitrogens and axial bases (13) . The results for the pseudo-six-coordinate HmCap complex are consistent with this model because weak coordination by the second axial base should not perturb the core size significantly from that of the high-spin five-coordinate species.
The bands in regions B and C are assigned as a Ca-N stretching mode and porphyrin deformation mode, respectively (7) . The atoms involved are in close proximity to axial or pseudo-axial bases. Thus a steric mechanism is available for the influence of the pseudo-axial base on the B and C regions. The shoulders observed on the B and C structure-sensitive bands for the pseudo-six-coordinate complexes may arise from the low symmetry of these complexes, for which only one or possibly two pyrrole rings will have an adjacent nonaxial base. We conclude that while the py and I-MeIm adducts of Fe(HmCap) are stoichiometrically six-coordinate, the porphyrin ring conformation, as determined from Raman spectra, and the reactivity resemble those of a five-coordinate complex more than a six-coordinate complex.
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